We found a very fast benzylation of cellulose in a tetraalkyl-onium hydroxide solvent system, 47% tetra-n-butylphosphonium hydroxide aqueous solution. Benzyl cellulose (BC) with a degree of substitution (DS) above 2.5 was obtained within 10 min at ambient temperature (20-25 °C) using ~9 molar equivalents of benzyl bromide to the anhydroglucose 2 unit. The highly efficient benzylation proceeded in the transiently stabilized emulsion state of the reaction system, and the product precipitated out as a solid sediment in the liquid medium.
INTRODUCTION
Cellulose is the most abundant natural polymer on earth and is widely available from plant sources. It can even be an attractive candidate to replace petroleum-based organic materials. An intrinsic problem of cellulose is the intractability in materialization: cellulose cannot be meltprocessed in itself and has limited industrially viable solvents. The reactivity of three hydroxyl groups in each glucose residue certainly permits a wide range of modifications of cellulose for different functionalities. [1] [2] [3] [4] However, to derivatize the molecule, the hydroxyl groups must be activated and easily accessible by the reactant; hence, proper swelling or dissolution of pristine cellulose is generally required, and the reaction often needs a significant excess of solvents or intense pretreatments, such as ball milling, to increase the amount of the amorphous phase. Thus, the total production cost of the cellulose derivatives can be relatively high despite the availability of the primary resource. [1] [2] [3] [4] Recently, Abe et al. reported that tetraalkyl-onium hydroxide aqueous (aq.) solutions dissolved cellulose at ambient temperature. 5, 6 Tetra-n-butylphosphonium hydroxide (5 mL) was poured into the reaction system to consume the unreacted BnBr. The resulting BC was purified by dissolution in pyridine (1 mL) and reprecipitation in ethanol (30 mL). Finally, the purified BC was collected by filtration with ethanol washing and vacuum-dried at 25 °C for 24 h.
The in-fed amount of BnBr was varied from 3 to 15 molar equivalents to AGU. The reaction temperature and time were controlled in the range of 10-50 °C and 2-180 min, respectively. We usually prepared three BC samples for a set of variables of the BnBr:AGU ratio, reaction temperature, and time to confirm the reproducibility of the DS evaluation.
Post-acetylation of BC. Post-acetylation was conducted to dissolve BC in CDCl3 according
to previous papers 23, 24 as follows: BC (0.05 g) and DMAP (0.025 g) were dissolved in 5 mL of pyridine under a N2 atmosphere without heating. Ac2O (0.75 mL) was added into the BC solution, and the mixture was gently stirred at 60 °C for 4 h. Then, 30 mL of ethanol was added to stop the acetylation reaction. The resulting acetylated BC (a-BC) precipitated as a white powder, which was purified by dissolution-reprecipitation with pyridine and ethanol. Finally, the purified a-BC was dried under vacuum at 25 °C for 24 h.
Fourier Transform Infrared (FT-IR)
Spectroscopy. An FT-IR spectrum of the original cellulose was measured using a Shimadzu IRPrestige-21 spectrometer. The cellulose was dried at 80 °C under vacuum for 24 h and a standard KBr pellet method was employed. For BC and a-BC products, cast thin films were prepared from their 2 wt % solutions in pyridine to collect FT-IR spectra, which were recorded using a Perkin-Elmer Spectrum RXI FT-IR spectrometer.
Nuclear Magnetic Resonance (NMR) Spectroscopy. 400-MHz 1 H NMR spectra were recorded for a-BCs in CDCl3 using a Bruker UltraShield 400 NMR spectrometer. The polymer concentration was 30 mg/mL. Tetramethylsilane was used as an internal standard. The temperature was 25 °C, and the number of scans was 16. Solubility Test. BC samples were vacuum-dried for 6 h at room temperature (~20 °C) before use. The dried BC powder was added to several solvents at a concentration of 10 mg/mL, and the mixtures were gently stirred for 1 h at 25 °C. The solubility was estimated by judging the amount of undissolved BC with the naked eye. Within a few minutes, white precipitates were perceived. The floating precipitates were either fluffy or sticky, depending on the quantity of the in-fed BnBr (stickier at BnBr/AGU ratios >9).
Size Exclusion Chromatography (SEC)
.
RESULTS AND DISCUSSION
After ~10 min had elapsed in the reaction progress, the supernatant became clear. The yield of BC was 0.19 g (87%, when calculated based on AGU using the DS data of ~2.5), for example, with the following conditions: amount of starting cellulose, 0.09 g; BnBr feed, 9 molar equivalents to AGU; temperature, 25 °C; reaction time, 180 min. When the molar ratio of BnBr:AGU was changed to 6, the yield of BC (DS ≈ 1.7) was 0.14 g (81% in AGU). Figure 1 illustrates FT-IR spectra measured for BC and its acetylated form (a-BC), together with a spectrum of the original cellulose. In the BC spectrum (Fig. 1B) , the aromatic bands appearing at 1497 and 1454 cm −1 provide evidence of successful etherification of cellulose with the benzyl substituent. The OH stretching band (3250-3750 cm −1 ), still observed for the BC, disappeared after the post-acetylation reaction (Fig. 1C) ; this confirms the full substitution of the remaining hydroxyl groups. The benzyl DS of BC was determined using the 1 H NMR spectrum of the corresponding a-BC sample (see Fig. 2 ), according to the following equation:
Benzyl DS = 7A / (5B − 2A)
where A is the integration from 6.5 to 8.0 ppm (corresponding to the resonance intensity of the phenyl protons of the benzyl group) and B is the integration from 2.5 to 5.5 ppm (corresponding to the total intensity of the methylene protons of the benzyl group and the seven protons in AGU).
The DS reported below is an average obtained for the evaluation of multiple similarly benzylated BCs. Integral area A includes a signal of CDCl3, but this contribution was negligible to a tolerance (~0.05) of the DS quantification in the present study because BCs with high DS values (>1.5) were mainly produced. 6 ).
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A SEC result for an a-BC (benzyl DS = 2.49) (Fig. 3B ) was compared to that for a nitrated cellulose (NC) prepared from the original Avicel (Fig. 3A) to examine the potential depolymerization during the benzylation reaction. The weight-average molar mass and polydispersity of the NC were ca. 9.6 × 10 4 and 3.1, respectively, when calculated based on monodisperse polystyrene. The corresponding data for the a-BC were ca. 9.2 × 10 4 and 2.5. In the SEC curve of the a-BC sample, a somewhat noticeable shoulder appeared at ~14 min, which might be due to a small amount of degradation product. However, the overall elution profile was quite similar to that of the NC sample. Therefore, we can conclude that no significant depolymerization occurred in the present benzylation process. The ambient reaction temperature (25 °C for BC with DS = 2.49) might prevent degradation of the polymer chain. (Fig. 4) . However, a further increase of the molar ratio from 9 to 15 was essentially ineffective in raising the maximum DS; the reaction systems had transformed to a liquid-solid (sediment) bi-phasic one after more than 10 min without retaining the respective emulsion states (see below). BnBr addition, and it reached 2.40 (±0.01) and 2.53 (±0.02) at 5 and 10 min, respectively. This is a very fast reaction compared to the conventional benzylation protocols that require stirring for several hours at an elevated temperature to achieve a DS value >2. [19] [20] [21] [22] In the present system, however, further prolonged reaction up to 3 h had little impact on the DS growth. Therefore it follows that the cellulose benzylation substantially finished within 10 min in the [P4,4,4,4]OH aq.
solution.
Eventually, the highest DS attained in this reaction system by varying the temperature, time, BnBr reagent readily migrates to attack cellulose hydroxyls activated as alkoxide ions by the phosphonium cation; then, the benzylation reaction starts (Fig. 6a) . Within the first minute of the reaction, the lightly benzylated cellulose molecules become hydrophobic to some extent and the initial BC products huddle together to form a number of microspheres in the [P4,4,4,4]OH aq.
medium, whereupon the tetra-n-butylphosphonium component functions as a surfactant (Fig. 6b) .
The benzylating BnBr is partly trapped in and can also diffuse into the lipophilic BC micelles, and hence further benzylation proceeds with fast reaction kinetics in the confined space.
However, the ascent of benzyl DS (e.g., approaching 2.5) diminishes the compatibility of BC with the tetraalkyl-onium hydroxide aq. solution, which collapses the BC spheres, followed by macroscopic separation into a solution-solid bi-phasic system (Fig. 6c) . Notations: S, soluble; P, partially soluble; I, insoluble.
CONCLUSION
We found a new route for cellulose benzylation without the usual activation of the natural polymer with NaOH; that is, BCs with DSs ≥ 2.5 were readily obtained with BnBr in a [P4,4,4,4]OH aq. solution as the reaction medium, within 10 min at room temperature (20-25 °C) via an emulsion state. The ionic solution is expected to be applicable as a good solvent for many other etherifications of cellulose.
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Benzyl cellulose with a degree of substitution above 2.5 was obtained with benzyl bromide in a tetra-n-butylphosphonium hydroxide aqueous solution, within 10 min at room temperature. 
